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Abstract 
Interdigitated rear contact concepts for amorphous (a-Si:H)/crystalline (c-Si) silicon heterojunction solar cells require  
structured amorphous layers of different doping on the rear side [1, 2]. Such structures can be achieved by a wet-
chemical etching step. A monitoring of the etching process is required since the density of defects at the c-Si surface 
that are induced by the wet-chemical etching [3] should be minimal to avoid recombination induced losses. 
Therefore, in situ photoluminescence (PL) was used to investigate the a-Si:H etching velocities of different etching 
solutions and to monitor defect formation at the c-Si surfaces after the a-Si:H removal. A correlation between the 
decrease in PL intensity during the progressive etching of the a-Si:H layer and the remaining thickness of the a-Si:H 
layer as measured by vibrational spectroscopic techniques has been observed. First results on the etching induced 
defects measured by PL spectra are presented for the investigated etchants. It is thus concluded that in situ PL is 
ideally suited for fast and straightforward process monitoring of etching processes on c-Si surfaces for photovoltaic 
applications. 
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1. Introduction 
Interdigitated rear contact concepts for amorphous (a-Si:H)/crystalline (c-Si) silicon heterojunction 
solar cells require a locally different doping of the amorphous layers on the rear side [1, 2]. One approach 
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to achieve the desired structure is to remove a full area deposited a-Si:H layer locally [1,2]. This can be 
realized by masking and subsequent wet chemical etching. In order to benefit from the high Voc potential 
of the heterojunction concept [3], recombination of charge carriers in the etched regions needs to be 
minimal. Thus, defect formation at the c-Si surface induced by the wet chemical solution [4] must be 
minimized. Taking into account that the thickness of the a-Si:H layers is in the range of 5 to 30 nm, it is 
essential that the etching step is controllable within a reasonable etching time, since the underlying c-Si 
absorber surface should be etched as low as possible. In this work, we use in situ PL measurements to 
monitor the a-Si:H etching rate in a variety of wet-chemical solutions by probing the underlying c-Si 
substrate. 
First, suitable etchants have to be found to remove the a-Si:H layer. For these etching solutions, defect 
formation at the remaining c-Si surface after etch-back of the upper a-Si:H layer has to be investigated. 
Therefore, we want to determine the optimal etching times for a complete removal of the a-Si:H layer 
with minimal attack of the c-Si substrate. 
These two aspects can be assessed well by measuring the in situ PL generated in the c-Si absorber 
during the etching process [4-7]. The arrival of the etching front at the c-Si interface is indicated by a 
change in the PL intensity (IPL) due to charge carrier recombination at recombination active surface 
complexes (C) [4] as sketched in Fig. 1 which represents the etching scheme of the c-Si substrate in 
alkaline solutions [8]. (The etching mechanisms of etchants consisting of a mixture of hydrofluoric acid 
and oxidants can be found in [9].) The passivation quality of the resulting c-Si surfaces, designated as 
(A’) in Fig. 1, can be evaluated by their IPL with respect to the starting level (Fig. 1A) measured under the 
same conditions (e.g. in aqueous HF solution). 
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Fig. 1. Possible etching mechanism of Si in alkaline solutions [8]. The H-terminated Si surface (A,B) is attacked by OH--ions 
supported by water molecules so that Si-OH surface complexes are formed which might act as recombination active defects (C). 
Finally an H-terminated surface is rebuild (A´). 
2. Experimental 
The experiments were carried out on p-type Si(111) absorbers with 15 nm (n)-a-Si:H layers on both 
sides. The removal of the a-Si:H layers has been evaluated using the following etching solutions: 
 
• aqueous KOH, 0.1 %, 1 % and 5 % (additive: isopropanol) 
• Si etchant I (0.9 % HF, 34.8 % HNO3, 15.2 % H3PO4) 
• Si etchant II (0.45 % HF, 17.4 % HNO3, 7.6 % H3PO4) 
• CP4 etchant (13.1 % HF, 29.5 % HNO3, 27.3 % CH3COOH). 
 
For the in situ PL measurements, a pulsed dye laser (λ = 743 nm, τ  = 5 ns, 1.2 µJ/(pulse·mm2)) and an 
InGaAs time integrating detector with an interference filter (transmission maximum at 1130 nm) were 
used to measure the PL intensity (IPL) of c-Si [4-7, 10] which is quenched by charge carrier recombination 
at the a-Si:H/c-Si interface. Furthermore, a Dilor microRAMAN spectrometer was used with an 
excitation wavelength of 457 nm and about 0.8 mW light intensity on the sample surface to inspect the 
surface coverage by the a-Si:H layer. The laser beam was focused on a diameter of approximately 2 µm. 
All PL measurements were carried out using an electrochemical cell where only the rear side of the 
sample was immersed into the etching solution and exposed to the laser excitation. 
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3. Results and Discussion 
3.1. Etching of a-Si:H - Raman measurements versus in situ PL  
When etchants are applied, IPL decreases after the etch-back of the a-Si:H layer. A typical curve of IPL 
for such an etching process is shown in Fig. 2A. The decrease in IPL is correlated to the progress of a-Si:H 
layer etching. Crystalline Si samples which are only passivated by an a-Si:H layer on the non-etched side 
show initPLI  values of approximately 3/10 of 
init
PLI  for symmetrically passivated ones.  To determine the 
exact level of IPL when the a-Si:H layer is completely removed, the etching process was stopped at 
characteristic points (1 to 3, see Fig. 2A) and Raman spectra were recorded (see (a) in Fig. 2B)). Fig. 2B 
shows spectra of (a) the unetched (Si 1a to Si 3a) and etched in 5% KOH (Si 1b to Si 3b) a-Si:H/c-Si 
samples. Beside the sharp Si-Si phonon at 520 cm-1 and the broad Raman peak at about 970 cm-1, which 
results from the first overtone of the Si-Si phonon (c-Siot), there is a small broad Raman peak around 
470 cm-1 which belongs to Si-Si phonons in an amorphous network [11]. To clarify the changes in the 
spectra after the etching process, (b) and (c) show the difference spectra of the etched and the unetched 
a-Si:H/c-Si samples (ΔIRAMAN = IRAMAN(Si Xb) – IRAMAN(Si Xa), with X = 1..3) in the range of the a-Si 
and the c-Siot  phonons, respectively. The decrease in IRAMAN at about 470 cm-1 is due to the etch-back of 
the a-Si:H layer. The increase in IRAMAN at about 970 cm-1 is also a result of the etching process since a 
thinning of the a-Si:H layer leads to a higher signal from the c-Si substrate, and consequently the intensity 
of the second order Si-phonon increases.  
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Fig. 2. A) Decay in IPL during the etching process of a p-doped a-Si:H layer on n-type c-Si absorber in 5 % KOH. 
Etching of the samples Si 1 to Si 3 was interrupted at the characteristic points 1 to 3. B) Raman spectra of the 
a-Si:H/c-Si samples Si 1 to Si 3 unetched (denoted as a) and spectra of the same samples after etching in 5 % KOH 
(denoted as b). Figures 2 B) (b) and (c) show the difference Raman spectra ΔIRAMAN = IRAMAN(Si Xb) – IRAMAN(Si Xa) 
at different spectral regions (see text). 
From these measurements it can be clearly seen that for the samples Si 1 and Si 2, where the etching 
was interrupted at points 1 and 2 (PL has leveled out), the amorphous layer was completely removed 
since there is no distinguishable change in both difference spectra in (b) and (c) of Fig. 2B. The change in 
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the calculated Δ IRAMAN for sample Si 3, where the etching was stopped at half of the initial IPL (see 3 in 
Fig. 2A), is much less pronounced for both difference spectra. The amounts are about half of those 
obtained after a longer etching time (position 1), so that some a-Si:H layer is still present on sample 3. 
3.2. PL analysis 
The initial PL levels initPLI  of the samples were measured for 50 s in 2.5 % HF before applying the 
respective etching solution. The mean value of this measurement was used to normalize IPL. The 
subsequent etching process was stopped directly after IPL had reached the minimal level. Afterwards, the 
sample was immersed in 2.5 % HF again and IPL was measured until a constant level, 
end
PLI , was reached 
(see Fig. 3 a)). This procedure was used to ensure an H-terminated Si surface as the same surface 
passivation for all PL measurements after applying the etching solutions as mentioned above. 
Exemplary IPL graphs obtained for this procedure are shown in Fig. 3 for (a) 1 % KOH and (b) Si 
etchant I solutions. As can be seen in Fig. 3, the onset time of the decrease in IPL as well as the remaining 
end
PLI strongly depend on the etching species. IPL decreases after the etch-back of the a-Si:H layer due to 
etching of the c-Si surface (e.g. at t ~ 175 s in Fig. 3a)). IPL during the etching process provides 
information about the presence of intermediate Si surface species which are recombination active so that 
the band-gap related PL is quenched [4]. 
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Fig. 3. Etching of a p-doped a-Si:H layer on n-type c-Si absorber in (a) 1 % KOH and (b) Si etchant I monitored by in 
situ PL measurements. The exchanges of the solutions in the reaction cell are marked by arrows. The insert in (b) 
shows the magnification of the decay in IPL when the etchant is applied. (When no data is shown, purging of the 
reaction cell took place what disturbs the PL measurement, see [10].) 
The relative decrease in IPL before and after the etching process has been evaluated to obtain a figure 
of merit for the loss in surface passivation quality of the c-Si absorber using 
init
PL
init
PL
end
PL
PL I
III −=δ , 
where no change in the c-Si surface quality is obtained when endPLI =
init
PLI  , i.e. δIPL = 0, and accordingly a 
damage of the c-Si surface leading to an undetectable PL signal, is attained for δIPL = -1. The results of 
etching time, etching rate and δIPL for the etchants investigated are summarized in Table 1. 
The lowest δIPL (about -0.5), i.e. the lowest amount of etching induced defects, was so far obtained for the 
KOH solutions at concentrations of 1 % and 5 %. However, for all examined etchants it was found that 
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the longer the etchant is applied after having reached the minimum of IPL, the lower is endPLI  after 
repassivation in aqueous HF. Thus, the higher is the amount of recombination active defects at the 
remaining c-Si surface. Therefore, the optimal interruption of the etching process for a complete a-Si:H 
removal and a minimal damage of the underlying c-Si is just after the arrival of the IPL at its minimal 
value. Consequently, measuring of IPL is essential for a perfect etching of a-Si layers on c-Si substrates. 
Additionally, 1% and 5% KOH etchants exhibit the most convenient etching rates for an easy 
controllability of the etching process. 
Table 1. Etching time and rate, and δIPL  for p-doped a-Si:H layers on n-type c-Si for different etching solutions. 
Etchant etching time (s) etching rate (nm/s) δΙPL 
KOH, 5 % 133 0.11 -0.52 
KOH, 1 % 228 0.07 -0.53 
KOH, 0.1 % 998 0.02 -0.77 
Si etchant I 8 1.88 -0.93 
Si etchant II 1540 0.01 -0.75 
CP4 etchant 17 0.88 -0.72 
 
3.3. AFM images 
AFM images of the c-Si surfaces after the amorphous layer was etched-back are presented in Fig. 4. 
The c-Si sample etched by 1 % KOH (Fig. 4a) exhibits the lowest surface roughness. The sample etched 
in Si etchant I (Fig. 4c) exhibits the highest surface roughness, which is coherent with the highest relative 
decrease in IPL. On the other hand, the sample etched by 5 % KOH (Fig. 4b) shows an approximately 
twenty times higher surface roughness than the sample presented in Fig. 4a, but leads to a similar relative 
decrease in IPL as the sample etched in 1 % KOH. That means that there is no simple correlation between 
roughness of the resulting c-Si surface and the amount of recombination active surface defects after the 
etching process. The generation of recombination active surface defects depends considerably on the type 
of etchant and its etching mechanism. For our experiments, it was obtained that alkaline etchants show 
the lowest tendencies for the generation of etching induced recombination active defects.  
 
 a)  b)  c) 
 
Fig. 4. AFM images of etched a-Si:H/c-Si samples: (a) and (b) in 1 % and 5 % KOH, respectively, and (c) using Si etchant I. 
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4. Conclusions 
To sum up, in situ PL measurements of the c-Si substrate can be used to monitor the etching processes 
of a-Si:H layers on c-Si substrates. During the process, information on the c-Si surface passivation is 
provided. The exact time, when the a-Si:H layer is completely removed can be determined in situ. After 
the etching process, the surface quality of the remaining c-Si surface regarding etching induced 
recombination active defects can be evaluated by repassivating the surface in aqueous HF. The decrease 
in IPL after the etching process is correlated to the etching mechanisms and the resulting c-Si surface 
roughness. The lowest decrease in IPL and therefore the lowest damage of the resulting c-Si surface after 
the etching process has been found for 1-5% KOH solution. 
Up to now, the only possibility to evaluate the surface damage caused by etching the c-Si was the re-
deposition of an a-Si:H layer followed by charge carrier lifetime measurements. Therefore, finding a 
quantitative correlation between the resulting PL intensity at the end of the etching process measured in 
aqueous HF solution, endPLI , and the surface passivation quality after the re-deposition of an a-Si:H layer 
would be beneficial and is planned for the future. 
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